Introduction
In a world of complex ecological and trophic interactions, the sedentary lifestyle of plants exposes them to a complex array of biotic and abiotic selection pressures. Survival under these stressful conditions requires prompt and adequate responses that can circumvent the pressures without compromising the overall fitness of plants (Heil and Baldwin 2002) . Herbivore attack is one of the most severe biotic stresses that plants have endured in their long evolutionary history. Plants evolved various defense strategies against herbivores including constitutive defensive structures such as thorns, trichomes, and tough cuticles, reviewed in Hanley et al. (2007) . In contrast to mechanical defenses, direct chemical defenses can be either constitutive or inducible expressed (Kessler and Baldwin 2002) , as exemplified by the production and accumulation patterns of anti-digestive Á or toxic secondary metabolites. In addition, attacked plants release a blend of volatile organic compounds to attract natural predators or parasitoids of the attacking herbivores as a form of indirect defense (Baldwin 2010) . Production and deployment of chemical defense is often costly for plants (Mckey 1974; Heil and Baldwin 2002) utilizing resources that could otherwise be used for growth or reproduction. Hence, the activation of plant defenses must be fine-tuned and titrated with the need for protection.
Phytohormone-mediated responses to stress
Herbivores of different feeding guilds attack plants and activate a complex web of defense signaling pathways (Voelckel and Baldwin 2004; Bodenhausen and Reymond 2007) . Jasmonic acid (JA), ethylene (ET), salicylic acid (SA), and abscisic acid (ABA), with their synergistic and/or antagonistic cross-talks, mediate the majority of plant defenses against biotic and abiotic stress (Bari and Jones 2009 ). JA has been repeatedly shown to be the most important mediator of plant-herbivore interactions (Katsir et al. 2008; Koo and Howe 2009; Rasmann and Agrawal 2009) . For example, Nicotiana attenuata plants deficient in production of JA (ir-lox3) or JA perception (ir-coi1) have been shown to be highly vulnerable to the natural herbivore community when transplanted in their natural habitat in Great Basin desert, USA (Halitschke and Baldwin 2003; Paschold et al. 2007 ). While the central role of JA in plant defense against herbivores is well established, the next important task in understanding plant-herbivore interactions is to uncover how the attack signals are recognized by plants, and how these signals are translated into downstream defense responses.
Early plant responses to herbivore attack
Herbivore attack is usually associated with wounding of plant tissues and direct contact of cells with oral secretions of the herbivores (Howe and Jander 2008) . Plant-specific green leaf volatiles (GLVs) are immediately released from the wounded tissues (Turlings et al. 1998 ). These 'attack-associated' cues are perceived by plants as markers of either imminent or apparent attack (Hilker and Meiners 2010) . The exact mechanisms of how the herbivore-associated molecular patterns (HAMPSs) are perceived is not yet clear; however, some of the active components in oral Á and oviposition Á secretions have already been identified and characterized .
Perception of herbivory is followed by a rapid Ca 2' -influx, membrane depolarization, generation of reactive oxygen and nitrogen species, and activation of mitogen associated protein kinases (MAPKs). In N. attenuata, activation of MAPK cascade results in rapid phosphorylation of two critical wound Á and SA induced protein kinases, WIPK, and SIPK, respectively (Wu and Baldwin 2009) . SIPK is proposed to regulate the activity of chloroplastic GLA1 phospholipase (Kallenbach et al. 2010) which releases polyunsaturated fatty acids (PUFAs) from the plastidial membranes. The PUFAs (e.g. 18:3 linolenic acid) are then channeled into the synthesis of JA (for review on JA biosynthesis see Wasternack 2007) . In many plant species, JA/JA-Ile burst start immediately after herbivore attack, with the accumulation attaining maximum levels in a few hours. For example, in N. attenuata maximum JA accumulations are attained in leaves one hour after simulated herbivore attack (Stork et al. 2009 ). Similar trends were reported in plants belonging to Solanaceae, Brassicaceae, Poaceae, and Salicaceae families (Pauwels et al. 2009; Wasternack and Kombrink 2010) . The increase in both JA and JA-Ile is, however, transient as JA and JA-Ile levels in N. attenuata decrease to the preinduced level few hours after elicitation (Halitschke et al. 2001; Stork et al. 2009 ). This presents an interesting scenario in which plants respond to initial attack and quickly reset their perception and signal transduction systems, preparing themselves for the perception of the next elicitation event. This may apply particularly to cases of discontinuous feeding by herbivores, allowing plants to monitor activity, and possibly, the size or numbers of attacking herbivores.
Rapid metabolism of JA
Owing to a transient nature of the JA burst, JA is rapidly metabolized to various forms, some of which are considered to be activated, transport, storage, or inactive forms of the hormone (Wasternack 2007) . JA methylation at carbon 1 by JA carboxyl methyl transferase (JMT) forms a volatile methyl jasmonate (MeJA); JA hydroxylation at carbon 11 or 12 (by yet unknown enzyme) forms 11-or 12-hydroxy JA, which can be further sulfonated by hydroxyjasmonate sulfotransferases into a probable storage forms (Swiatek et al. 2004; Miersch et al. 2008) . JA can also be enzymatically conjugated into sugars (forming JAglucose), ACC (forming JA-ACC) or amino acids. Members of the JAR family of enzymes are responsible for biosynthesis of the JA-amino acid-conjugates, including (3R,7S)-jasmonoyl-L-isoleucine (JA-Ile), which is the major biologically active molecule per-ceived by the COI1-JAZ receptor complex (Wasternack 2007; Fonseca et al. 2009; Avanci et al. 2010; Wasternack and Kombrink 2010) .
JA perception machinery
The translation of the initial JA and JA-Ile increase into downstream defense responses requires specific perception and maintenance mechanisms. The process starts when JA-Ile binds to the coronatine insensitive 1 (COI1) protein that associates with the JAZ repressor protein(s) to form an active receptor for JA-Ile. COI1 is an F-box protein that associates with the SKP-Cullin-F-box (SCF) complex, also known as E3 ubiquitin ligase (Figure 1 ). In the presence of JA-Ile, E3 ligase specifically recognizes JAZ repressors via COI1-JAZ interaction and mediates ubiquitination and consequent degradation of the JAZ repressors by the 26S proteasome. Degradation of the JAZ repressors releases their target MYC2 transcription factor (TF), and possibly other TFs, which in turn activates defense-related transcriptional reprogramming. Therefore, MYC2 protein plays a key role in translating the JA burst to downstream defense responses. It is believed that in the preinduced state, JAZ proteins partially or completely repress MYC2 transcriptional activity ( Figure 1 ). Interestingly, JA (possibly via MYC2) activates transcription of multiple JAZ repressors (Thines et al. 2007; Chico et al. 2008) , and therefore triggers the attenuation of its own signaling at very early levels of signal transduction. Recently, substantial information on the perception of JA signal, the function of JAZ repressors and the structure of JA-Ile receptor complex has been obtained and thoroughly reviewed (Chini et al. 2007; Wasternack 2007; Chico et al. 2008; Chini et al. 2009; Memelink 2009; Avanci et al. 2010; Pauwels et al. 2010) .
MYC2 plays a central role in transcriptional reprogramming of plant cells MYC2 (also known as JAI1, JIN1, RD22BP1, RAP-1, or ZBF1) belongs to the basic Helix-Loop-Helix (bHLH) superfamily of TFs. TFs of this superfamily are known to regulate cellular processes ranging from cell proliferation and differentiation, neurogenesis, and heart development in animals to controlling light signaling, production of flavonoids, and other secondary metabolites in plants. bHLH TFs are characterized by two conserved motifs (1) the basic region, a stretch of about 15 basic and largely hydrophobic amino acids, that is used for DNA binding and (2) the HLH domain composed of two conserved alpha helices separated by a less conserved loop. The HLH domain is required for hetero-and / or homodimer protein formation (Heim et al. 2003; Toledo-Ortiz et al. 2003; Carretero-Paulet et al. 2010) .
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Most TFs in bHLH superfamily have a DNA binding affinity. The MYC2 protein is shown to bind the G-box consensus hexanucleotide sequence, 5'-CACGTG-3', or its variants. The G-box consensus sequence or other G-Box-like sequences are found in many defense-related genes and transcription factors like the promoters of potato proteinase inhibitor 2 (PIN2) (Kim et al. 1992) , Arabidopsis VSP1 (Guerineau et al. 2003 ), tobacco putrescine-N-methyltransferase (PMT1a) (Xu and Timko 2004) , and the octadecanoid-derivative responsive AP2 domain genes (Endt et al. 2007 ). As expected from their general defense-related function, MYC2like TFs are found in highly conserved forms in many plant species (Heim et al. 2003; Toledo-Ortiz et al. 2003; Li et al. 2006; Dombrecht et al. 2007; Carretero-Paulet et al. 2010; Todd et al. 2010) . Moreover, wounding, MeJA or herbivory have been reported to induce transient expression of MYC2 genes in Arabidopsis thaliana (Lorenzo et al. 2004 ), Catharanthus roseus (Chatel et al. 2003) , Medicago truncatula (Naoumkina et al. 2008) , Nicotiana benthamiana (Todd et al. 2010) and Nicotiana tabacum (Shoji et al. 2008 ). Interestingly, three MYC2-like bHLH TFs have been reported in N. benthamiana that either positively (NbbHLH1 and NbbHLH2) or negatively (NbbHLH3) regulate nicotine biosynthesis (Todd et al. 2010) .
How can plants shift from transient to prolonged defense responses?
Inferring from the mechanisms involved in jasmonate biosynthesis, degradation and perception, the woundor herbivore-mediated activation of MYC2 protein should, more or less, coincide with the JA and JA-Ile bursts, starting few minutes after attack, reaching the peak level in about an hour and returning to the preinduced levels in few hours. However, the accumulation of many, if not all, transcripts required for biosynthesis of defense-related secondary metabolites controlled by MYC2 lasts for many hours to days. Considering the fact that plant defense responses to herbivory last for long time periods, and in comparison to the transient nature of the MYC2 expression, it is tempting to speculate that MYC2 regulates certain defense-related secondary transcription factors which, in turn, regulate the defense metabolite 
Identification of MYC2-dependent suite of secondary transcription factors
In Arabidopsis thaliana, AtMYC2 positively regulates flavonoid biosynthesis and alleviates oxidative stress. It also enhances herbivore resistance against the generalist herbivore, Helicoverpa armigera. Transcripts of many defense genes (for example, PDF1.2, CHI/PR3, HEL/PR4, TAT, and VSP) as well as several TFs (for example MYB34, MYB75, MYB51, WRKY33, ERF1, ERF4) were reported to have been differentially regulated (up-or downregulated) in Atmyc2-silenced plants, suggesting that MYC2 may use other TFs as secondary messengers to regulate target genes. Consistent with this argument and as mentioned above, the MYC2 binding site (the G-Box or one of its variants) is found on promoters of these transcription factors and genes (Dombrecht et al. 2007 ). Gigolashvili et al. (2007) reported the involvement of members of the subgroup 12 R2R3-MYB type TFs in the synthesis of indolic and aliphatic glucosinolates. Amongst them, MYB29, MYB34, MYB51 are wound-or MeJA-inducible TFs that are controlled by AtMYC2. These MYB TFs may be examples of secondary transcription factors in the JA signaling cascade.
A regulatory association between MYB transcription factors and defense metabolites was also shown in non-Arabidopsis plant models. For example, Galis et al. (2006) identified NtMYBJS1 as a MeJA-inducible MYB transcription factor by using large-scale microarray analysis of MeJA-elicited tobacco BY2 cells. NtMYBJS1 regulates the phenylpropanoid-polyamine conjugates (phenolamides, PAs) biosynthesis in tobacco cells. Its over-expression results in selective activation of genes involved in the phenylpropanoid biosynthetic pathway (PAL A, PAL B, 4CL, and C3H) without affecting the expression of genes involved in the synthesis of nicotine or other metabolites. Silencing (antisense) of the NtMYBJS1 resulted in reduced transcript accumulation of the PAL A, PAL B, 4CL1, and 4CL2. A functional homologue of NtMYBJS1 (named NaMYB8) was cloned in N. attenuata plants (Kaur et al. 2010) . The authors showed that the transcripts of NaMYB8 are transiently induced by mechanical wounding. Interestingly, NaMYB8 transcript accumulation was further amplified by application of oral secretion from the specialist herbivore, Manduca sexta, to the wounds. Efficient silencing of NaMYB8 by RNA interference in N. attenuata made plants unable to accumulate the PAs, caffeoylputrescine and dicaffeoylspermidine, and rendered the transgenic plants more susceptible for herbivore attack (Kaur et al. 2010) . Because the expression of NaMYB8 depends on NaMYC2 in N. attenuata (unpublished data Ivan Galis, Melkamu G. Woldemariam, and Ian T. Baldwin), NaMYB8 can be positioned between MYC2 and defense genes as a typical secondary TF in the JA signaling cascade.
In N. benthamiana, silencing (by VIGS) of two AtMYC2 homologues, NbbHLH1, and NbbHLH2, resulted in reduction of both the constitutive and MeJA-induced nicotine accumulation in leaves. VIGS silencing of ethylene response factor 1 (NbERF1) and a homeobox domain like TF (NbHB1) also reduced MeJA-induced nicotine levels. Interestingly, PMT promoters in tobacco contain both the G-Box (MYC2 binding site) and the GCC box (AP2/ERF binding site) (Todd et al. 2010) . It remains therefore unclear whether these bHLHs exert their regulatory effects at the level of transcription factors or genes, or both. Considering the MYC2 function in Arabidopsis, we propose that bHLH1 and bHLH2, either separately or in concert, regulate the activity of ERF TFs which, in turn, regulate the promoters through their GCC motif.
The involvement of the MeJA-inducible group IX tobacco ERFs (closely related to ORCA2 and ORCA3 of C. roseus) in the regulation of nicotine biosynthetic genes was recently demonstrated in low nicotine-containing nic1jnic2 mutant plants of N. tabacum (Shoji et al. 2010) . This report emphasizes the importance of ERF family TFs in regulation of alkaloid biosynthesis and accumulation in tobacco. Two other members of the AP2/ERF domain transcription family, NtORC1 and NtJAP, were also shown to positively regulate the activity of the PMT promoters in tobacco (Goossens et al. 2003) . Memelink (2009) proposed an MeJA inducible homologue of AtMYC2 (named NtMYC2 in tobacco) to regulate the activities of NtORC1 and NtJAP1. This brief summary is consistent with the view that alkaloid biosynthesis and accumulation in tobacco is under complex regulation which involves MYC2-like genes as one of the major regulatory nodes. Terpenoid indole alkaloids (TIAs) occur as defense metabolites against pathogens and UV exposure in C. roseus plants. The octadecanoid-responsive C. roseus AP2/ ERF TFs, ORCA2, and ORCA3, are JA-inducible TFs that bind to the GCC-like box on jasmonate and elicitor responsive elements (JERE) in the promoter of the strictosidine synthase (STR) gene. STR is a key biosynthetic gene that is directly controlled by ORCA TFs (van der Fits and Memelink 2000 Memelink , 2001 . It is possible to propose that the JA-inducible ORCA TFs could be regulated by the master MYC2 TFs in regulating TIA biosynthetic genes. In A. thaliana, ORA59 (octadecanoid-responsive Arabidopsis AP2/ ERF 59), a member of the Arabidopsis AP2/ERF family, is rapidly induced by ET and MeJA, contributing to the activation of many JA-and ETinducible genes. Although the MeJA-inducibility of 116 M.G. Woldemariam et al.
ORA59 is COI1-and EIN2.1-dependent, the direct involvement of AtMYC2 remains unknown (Pre et al. 2008) . In Arabidopsis, ANAC019 and ANAC055 are MeJA inducible TFs belonging to the NAC family of proteins. The COI1-and MYC2-dependent induction of these genes by MeJA starts as early as 15 minutes and is maintained for six hours after induction. A double knockout of ANAC019 and ANAC055 reduced expression of AtMYC2-regulated VSP2 and LOX2, whereas their ectopic over-expression increased their respective expression. Moreover, overexpression of ANAC019 partially rescued Atmyc2 mutation. It is suggested that ANAC019 and ANAC055 act downstream of the AtMYC2 regulator (Bu et al. 2008 ). If the latter is true, these NAC TFs would play the roles of secondary TFs that directly control the expression of VSP2 and LOX2 upon initial activation by AtMYC2.
Conclusions
The high level of inter-species sequence Á and functional-conservation of MYC2, together with the universal presence of its DNA binding sites in a large number of genes and transcription factors mediating defense processes, indicates that MYC2 is a master regulator of plant defense responses that directly regulates defense genes or indirectly regulates transcription factors that in turn control these genes.
